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Abstract Phototransduction in primate cones is com-
pared with phototransduction in blowﬂy photoreceptor
cells. Phototransduction in the two cell types utilizes not
only diﬀerent molecular mechanisms, but also diﬀerent
signal processing steps, producing range compression,
contrast constancy, and an intensity-dependent integra-
tion time. The dominant processing step in the primate
cone is a strongly compressive nonlinearity due to
cGMP hydrolysis by phosphodiesterase. In the blowﬂy
photoreceptor a considerable part of the range com-
pression is performed by the nonlinear membrane of the
cell. Despite these diﬀerences, both photoreceptor cell
types are similarly eﬀective in compressing the wide
range of naturally occurring intensities, and in convert-
ing intensity variations into contrast variations. A direct
comparison of the responses to a natural time series of
intensities, simulated in the cone and measured in the
blowﬂy photoreceptor, shows that the responses are
quite similar.
Keywords Photoreceptors Æ Sensory
transduction Æ Light adaptation Æ Dynamic
range Æ Natural stimuli
Introduction
Light intensities in outdoor environments vary con-
siderably. Several factors contribute to this variation:
the sun’s elevation varies during the day and during the
year, lighting conditions vary across environments, the
cloud cover varies, and there are variations produced by
uneven illumination and diﬀerences in reﬂectance within
scenes in a particular environment. In this article, we will
consider the consequences of the latter source of
intensity variations, which can cover a range of 104 and
more in sunlit scenes (van Hateren 1997). The visual
systems of animals navigating through a particular en-
vironment are therefore exposed to strongly and quickly
varying intensities. Because the dynamic range of these
intensity variations is larger than the range that can be
encoded linearly by photoreceptor cells, these cells pos-
sess mechanisms of sensitivity regulation. A prominent
mechanism regulating sensitivity is the process of pho-
totransduction, transducing absorbed photons into
currents and voltages across the cell’s membrane.
Phototransduction has been extensively studied in the
rods and cones of vertebrate eyes (see reviews of Pugh
and Lamb 2000; Burns and Baylor 2001; Fain et al.
2001). Absorption of light leads to a reduction of a
standing photocurrent, resulting in a hyperpolarization
of the membrane potential. In contrast, photo-
transduction in most invertebrate eyes, well studied in
several species (see reviews of Minke and Hardie 2000;
Nasi et al. 2000; Hardie and Raghu 2001), leads to an
increase of photocurrent in response to light absorption,
and therefore a depolarization of the membrane poten-
tial. This diﬀerence between vertebrate and invertebrate
phototransduction is due to diﬀerences in the molecular
mechanisms involved.
In this article we will compare the two basic schemes
of phototransduction under daylight conditions, as ex-
empliﬁed by the characteristics of primate cones and
blowﬂy photoreceptors. We will review the diﬀerences
between the key molecular mechanisms involved, and
argue that also the processing tactics, i.e., the algo-
rithms, are diﬀerent. Nevertheless, it will become clear
that the general strategy, as reﬂected in the overall in-
put–output characteristics of the two types of photo-
receptors, is remarkably similar for such clearly
unrelated species. We will argue that this can be un-
derstood as an adaptation to the properties of natural
stimuli. Firstly, the large dynamic range of such stimuli
requires response compression. Secondly, contrast in a
visual scene is independent of the level of illumination,
which makes it attractive for photoreceptors to encode
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contrast rather than light intensity. Finally, increased
photon noise at reduced light levels is counteracted by
both photoreceptor types by increasing the integration
time at such levels.
Materials and methods
The cone responses as shown in Figs. 5b and 6b were
simulated using a recently developed model of the pri-
mate cone (van Hateren 2005), using the generic model
parameters deﬁned there and assuming a mean illumi-
nance of 300 td for the stimulus. The response of a three
times faster cone (Figs. 5c, 6c) was computed with the
same model and generic model parameters, but with all
time constants in the model reduced by a factor of three.
Responses in blowﬂy (Calliphora vicina) photo-
receptor cells (R1-6) were obtained using standard in-
tracellular recording techniques, with natural time series
presented through a bright light emitting diode (details
on stimulus and measurement are provided in van Ha-
teren 1997 and van Hateren and Snippe 2001). Figur-
es 5d and 6d show the response to a single stimulus
presentation of a single photoreceptor cell; similar re-
sponses were measured in seven photoreceptor cells. The
mean stimulus intensity was at a daylight level estimated
to be of the same order of magnitude as used for the
cone simulation.
Results
Below we will ﬁrst review the mechanism and processing
stages of phototransduction in primate cones and
blowﬂy photoreceptors, respectively, and subsequently
show their responses to a natural time series of in-
tensities.
Phototransduction in primate cones
Figure 1 (top row) shows the key processes of photo-
transduction in the primate cone, following van Hateren
(2005). Light I is absorbed by visual pigment, R, in the
outer segment of the cone. Activated pigment R* is
subsequently removed (skew arrow in the ﬁgure). The
transition from I to R* represents a low-pass ﬁlter, with
a time constant inversely proportional to the removal
rate of R* (e.g., Pugh and Lamb 2000). R* activates a G-
protein, which then binds to phosphodiesterase, PDE, to
form an active complex E*. This second step, from R* to
E*, also represents a low-pass ﬁlter. Because one R*
produces many E*, the dominant functions of these ﬁrst
stages are ampliﬁcation and low-pass ﬁltering.
The next step is hydrolysis of cGMP by E*. Non-
activated PDE can also hydrolyze cGMP, although
considerably less eﬀectively than E*, and therefore the
hydrolysis of cGMP is governed by a rate
b ¼ cb þ kbE; ð1Þ
with cb and kb constants (Nikonov et al. 2000; van
Hateren 2005). With cGMP being produced at a rate a,
the change in cGMP concentration per unit of time is




¼ a bX ; ð2Þ
with X=[cGMP]. This is an important equation, form-
ing the key to understanding the main strategy of pho-
totransduction in cones. This equation can be
considered as an input–output ﬁlter, with b as the input
(because it is driven by the light intensity) and X as the
output. It is a nonlinear equation, because the input b is
multiplied by the output X. This nonlinearity has two
consequences. Firstly, it produces a highly nonlinear
relationship between b and X, eﬀectively producing
strong response compression. Secondly, it produces an
eﬀective integration time that decreases with increasing
b, i.e., with increasing light levels (Nikonov et al. 2000;
van Hateren 2005). The ﬁrst eﬀect, response compres-
sion, can be best understood by assuming for the mo-
ment that the cGMP production rate, a, is a constant (as
it would be, e.g., under conditions of Ca2+ clamping).
The steady-state of Eq. 2 is then given by dX/dt=0, thus
0 ¼ a bX ; or X ¼ a 1
b
: ð3Þ
This equation can be interpreted as follows: the original
input b is ﬁrst inverted to yield 1/b, and subsequently 1/b
is multiplied by a gain a to yield the output X.
The dynamic behavior of Eq. 2 can be understood in






 X ; with sb ¼ 1=b: ð4Þ
We can compare this equation with the standard equa-
tion describing low-pass ﬁltering an input x into an




þ y=s ¼ x=s; or s dy
dt
¼ x y: ð5Þ
It is then clear that Eq. 4 can be interpreted as a se-
quence of the following processes: the signal b is ﬁrst
transformed into a signal 1/b, then 1/b is multiplied by a
gain a, and the result is ﬁnally low-pass ﬁltered with a
time constant sb to yield X. Note that Eq. 4 is still highly
nonlinear, ﬁrstly because of the 1/b operation, and sec-
ondly because the time constant sb=1/b is not really a
constant, but an adaptive parameter, because b is a
function of the input light level.
To conclude, the hydrolysis of cGMP by E* has
several functions. In addition to providing further am-
pliﬁcation, because one E* hydrolyzes many cGMP, its
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two dominant functions are range compression, through
1/b, and control of integration time, through sb=1/b.
Using 1/b for range compression is highly eﬀective, in
fact too eﬀective. Figure 2a illustrates this. The light and
dark gray segments on the intensity axis show two in-
tensity ranges at tenfold diﬀerent light levels, but of
equal contrast: in both cases the range is mean intensity
minus 25% until mean intensity plus 25%. In a natural
scene, this could correspond to the contrast range on the
surface of two identical objects viewed under tenfold
diﬀerent illumination levels, for example one in direct
sunlight and the other in the shadow. A visual system
that strives to take advantage of this invariant object
property, i.e., constant contrast independent of illumi-
nation level, needs to convert the strongly diﬀerent ab-
solute intensity ranges of Fig. 2a into equally sized
response ranges. Figure 2a shows that a 1/b nonlinearity
overshoots this goal; after the transformation the re-
sponse ranges are again strongly diﬀerent, but now with
the roles of the low and high light levels swapped. In
other words, the 1/b nonlinearity is too compressive for
reaching contrast constancy (see van Hateren 2005 for a
formal derivation of this result).
The 1/b nonlinearity is also too strong for proper
range compression. This is illustrated by the probability
density functions (pdf) in the column on the right of
Fig. 2. Figure 2d shows a theoretical pdf for the dis-
tribution of light intensities in natural environments (see
Appendix). This pdf is quite skewed, with a long tail
extending to much higher intensity values than shown in
the graph. Figure 2e shows the pdf resulting from the
1/b transformation. The tail containing high intensities
in Fig. 2d is now mapped to the peak at low values of 1/
b in Fig. 2e, and vice versa. The pdf in Fig. 2e is only
slightly less skewed than the pdf in Fig. 2d because of cb
(Eq. 1), which limits the maximum value 1/b can reach
for E*  0, i.e., for low light intensities.
The too compressive nature of 1/b is corrected by the
action of the calcium feedback loop (top row of Fig. 1),
regulating a. This loop operates as follows (for quanti-
tative details see van Hateren 2005). An increase in
[cGMP], as occurs when the light level is reduced, opens
more cyclic nucleotide-gated (CNG) channels in the
outer segment. This increases the photocurrent entering
the outer segment. Part of this photocurrent consists of
Ca2+ ions, resulting in a rising Ca2+ concentration. This
will then progressively inhibit the activity of guanylate
cyclase, the enzyme responsible for the production of
cGMP. Therefore, the initial increase of [cGMP] ulti-
mately results in a decrease of the production of cGMP,
which implies that the loop is in fact a negative feedback
loop.
The calcium feedback loop can be shown to have two
major eﬀects. Firstly, it relaxes the nonlinear compres-
sion due to cGMP hydrolysis, by eﬀectively expanding
the dynamic range (Nikonov et al. 2000; van Hateren
2005). Secondly, it reduces the eﬀect of sb=1/b by in-
creasing the frequency bandwidth of the system, in
particular at low light levels (see the small-signal analysis
in van Hateren 2005). The eﬀect of the loop on contrast
constancy and on the dynamic range is illustrated in
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Fig. 1 Scheme of phototransduction in primate cones. Light, I,
activates visual pigment, R. Activated R* activates a G-protein,
with G* subsequently binding to PDE. PDE and E* hydrolyze
cGMP at a rate b. An increase in light intensity therefore reduces
[cGMP], resulting in a closure of cyclic nucleotide-gated (CNG)
channels, a reduction of photocurrent, a reduction of [Ca2+] in the
cell, leading to a reduced production rate a of cGMP, thus
completing the negative feedback loop on [cGMP]. The photo-
current ﬁnally produces, via a nonlinear membrane, the membrane
potential of the cell. See the text for further discussion
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Ip, is approximately proportional to (1/b)
0.2 as a result of
the calcium feedback (van Hateren 2005). This follows
from the fact that a is strongly inhibited by [Ca2+],
approximately as 1/[Ca2+]4. Using [Ca2+]  Ip, we can
therefore write for the steady-state of the feedback loop
Ip  (1/b)/Ip4, or Ip  (1/b)0.2. Figure 2b shows that the
range of photocurrent is now almost equal for equal
contrast ranges at diﬀerent light levels. Also the overly
compressed dynamic range of Fig. 2e is converted to the
more even distribution of photocurrents shown in
Fig. 2f. Because the calcium feedback loop in eﬀect ex-
pands the range occupied by high intensities, reversing
the too strong compression by the 1/b-nonlinearity, its
main function is range expansion rather than range
compression (see third row of Fig. 1).
The photocurrent Ip generated in the outer segment
ﬁnally drives the nonlinear membrane of the inner seg-
ment to produce a membrane potential Vp, here deﬁned
relative to the membrane potential at zero photocurrent.
The steady-state behavior of this processing stage can be
described as Vp being proportional to Ip
0.6 (for quanti-
tative details see van Hateren 2005). The corresponding
curve (Fig. 2c) shows that the membrane contributes
only slightly to contrast constancy. Also the eﬀect on the
pdf of the membrane voltage (Fig. 2g) as compared to
the pdf of the photocurrent (Fig. 2f) is limited. Because
the nonlinear properties of the membrane of the inner
segment presumably have slow dynamics (van Hateren
2005), its dominant function appears to be a mild high-
pass ﬁltering (cf. for rods; Delmontis and Cervetto 2002;
van Hateren 2005).
It should be noted that Fig. 2 presents the nonlinear
transformations belonging to the steady state, i.e., it
only provides a good approximation for ﬂuctuations in
the stimulus slower than the integration time of the cone.
Nevertheless, a simulation of the dynamical response to
long stretches of measured natural time series of in-
tensities, like the one in Fig. 5, produces pdf’s similar to
those shown in Fig. 2. The main reason for this is that
natural time series of intensities have a power spectrum
dominated by low temporal frequencies (van Hateren
1997), and the steady-state characteristics of the cone
therefore dominate the shape of the pdf’s.
It should also be noted that the model for the cone
used here does not include pigment bleaching, and
therefore only applies to sub-bleaching light levels.
When bleaching becomes strong, the cone response is
expected to fully follow Weber’s law (equal response to
equal stimulus contrast), and the DC-level of the cone
response is expected to remain ﬁxed, independent of the
light level. These eﬀects will both contribute to range
compression, and are in line with the conclusions of the
present study.
Phototransduction in blowﬂy photoreceptors
Phototransduction in ﬂy photoreceptors is not as well
understood as it is in rods and cones. The nature of the
secondmessenger driving the membrane channels has not
yet been fully established, and there is also uncertainty









































Fig. 2 Contrast constancy and
range compression in primate
cones. Identical contrasts at
diﬀerent light intensities I (gray
sections at the intensity axis of
a) transform, under steady-state
conditions, as 1/b 1/
(constant+I) due to cGMP
hydrolysis by PDE and E*. The
calcium feedback loop
transforms this approximately
as (1/b)0.2 into photocurrent (b).
The nonlinear membrane of the
cell ﬁnally transforms the
photocurrent Ip as Ip
0.6 into the
membrane potential of the cell
(c). d–g The probability density





Ca2+ plays a crucial role in regulating the sensitivity and
integration time of the photoreceptor (Hardie and Raghu
2001), but it is not fully known which processes in the
transduction chain are targetted by Ca2+, nor what their
stochiometry is. We will therefore make several simpli-
fying assumptions and hypotheses for the basic scheme
presented below. First, we will restrict the discussion to
bright, daylight intensities. At low light levels, a blowﬂy
photoreceptor is essentially linear, because each of its
microvilli is believed to act as an independent photon
detector. However, this independence is lost at high light
levels, presumably by coupling through the Ca2+ con-
centration in the cell body, producing a reduced gain of
each microvillus. As a result, there is a nonlinear (com-
pressive) relationship between light intensity and Ca2+
concentration (Oberwinkler and Stavenga 1998). We will
assume below that the Ca2+ coupling of microvilli
through the cell body is the dominating factor controlling
sensitivity at high light levels. We therefore ignore several
other known eﬀects of Ca2+, e.g., a Ca2+-dependent
positive feedback in the ampliﬁcation stage (Hendersen
et al 2000), which may be primarily important for
ensuring large photon responses at low to intermediate
light levels. Because the scheme does not aim at providing
a detailed explanation of the dynamics of the response,
we will also ignore the eﬀect of latency variations on the
response dynamics (Juusola and Hardie 2001).
Figure 3 shows the basic scheme, where we assume
that the main processes in the phototranduction cascade
in the blowﬂy are similar to those in the fruitﬂy
Drosophila, which has been more extensively in-
vestigated (Montell 1999; Hardie and Raghu 2001).
Light I is absorbed by visual pigment R, and the acti-
vated pigment R* subsequently activates a G-protein. G*
then activates phospholipase C (PLC), which produces
diacylglycerol (DAG) from PIP2 (phosphatidylinositol
4,5-biphosphate). There is good evidence that DAG (or
possibly one of its metabolites) is the second messenger
responsible for opening the membrane channels (TRP)
generating the photocurrent (Hardie 2003). With DAG
being produced at a rate b, and removed (or inactivated)
at a rate a, the change in DAG concentration per unit of




¼ b aX ; ð6Þ
with X=[DAG]. This equation can be considered as an
input–output ﬁlter, with b as the input (because it is
driven by the light intensity) and X as the output.
Assuming for the moment that a is a constant, Eq. 6 is
just a linear equation (a ﬁrst-order low-pass ﬁlter) re-
lating the input b to the output X. The equation is
therefore quite diﬀerent from the corresponding Eq. 2
for the primate cone, which represents not a linear, but a
highly nonlinear ﬁlter. The role of a becomes clear when
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Fig. 3 Scheme of phototransduction in blowﬂy photoreceptor cells.
Light, I, activates visual pigment, R. Activated R* activates a G-
protein, with G* subsequently binding to PLC. Activated PLC, L*,
produces DAG at a rate b. An increase in light intensity therefore
increases [DAG], resulting in an opening of TRP channels, an
increase of photocurrent, an increase of [Ca2+] in the cell,
presumably leading to an increased inactivation rate a of DAG,
thus completing the negative feedback loop on [DAG]. The
photocurrent ﬁnally produces, via a nonlinear membrane, the
membrane potential of the cell. See the text for further discussion
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Comparing this with the standard equation for a unity
gain low-pass ﬁlter, Eq. 5, we see that Eq. 7 can be in-
terpreted as a sequence of linear processes: the input
signal b is ﬁrst multiplied by a gain 1/a, and subsequently
low-pass ﬁltered with a time constant s a to yield X.
In reality, the photoreceptor is not linear as suggested
by Eq. 7, but reduces its gain with inceasing light in-
tensity, presumably regulated by the Ca2+ concentration
in the cell. Although the nature and stochiometry of the
interactions of Ca2+ with the transduction chain are not
fully known, the steady-state Ca2+ concentration has
been measured by ﬂuorometry as a function of light
intensity (Oberwinkler and Stavenga 1998). On a dou-
ble-logarithmic scale, [Ca2+] is linearly related to the
light intensity over a considerable intensity range, with a
slope of approximately 0.5 (Fig. 6c of Oberwinkler and
Stavenga 1998). If we assume that b is directly propor-
tional to the light intensity, and that the photocurrent Ip
is directly proportional to [Ca2+], this implies that Ip is
proportional to b0.5. In other words, there is a com-
pressive (square-root) relationship between light
intensity and photocurrent. The simplest way to explain
this square-root behavior is shown in Fig. 3 by the da-
shed lines (indicating that this loop is hypothetical, and
may be more complex than depicted here). It produces
both a decrease in sensitivity and a decrease of integra-
tion time with increasing light levels (as observed, Juu-
sola and Hardie 2001). The feedback loop is assumed to
operate as follows. An increase in [DAG], as occurs
when the light level is increased, opens more TRP
channels. This increases the photocurrent entering the
cell. A considerable part of this photocurrent consists of
Ca2+ ions, resulting in a rising Ca2+ concentration. This
will then progressively increase the removal (or in-
activation) rate of DAG (a). Therefore, the initial in-
crease in [DAG] is counteracted by an increased removal
of DAG, and the loop is thus a negative feedback loop.
Because a in Eq. 7 depends on [Ca2+], an increase in
[Ca2+] reduces both the gain, 1/a, and the time constant,
sa, of DAG production. Although there is no direct
evidence for a Ca2+-dependent acceleration of DAG
removal, DAG removal is part of a cycle eventually
producing PIP2. It is therefore possible that Ca
2+ tar-
getting other parts of this cycle (which is known to oc-
cur) might have a similar eﬀect on the dynamics. An
alternative to the above scheme, which can also produce
b0.5, is a direct Ca2+ feedback onto the TRP channels
(Gu et al. 2005); in addition this requires an as yet
unidentiﬁed time constant, the equivalent of sa, to de-
pend on Ca2+ as well.
The relationship Ip  b0.5, inferred from the experi-
mental data of Oberwinkler and Stavenga (1998), is used
in Fig. 4b to describe the transformation of steady-state
b into steady-state photocurrent. The resulting com-
pression is a ﬁrst step towards equalizing the response to
identical contrasts at diﬀerent light intensities (Fig. 4a,
b), and it also compresses the dynamic range of the
responses to natural intensities (Fig. 4d–f).
The ﬁnal processing stage, from photocurrent to
membrane potential, is particularly nonlinear in
blowﬂy photoreceptor cells, and has been well studied
(Weckstro¨m et al. 1991; Juusola and Weckstro¨m 1993;
Weckstro¨m and Laughlin 1995). Apart from self-
shunting, several types of voltage-sensitive K+ channels
exist that make the current–voltage relationship strongly
compressive. We will here represent this relationship
only in a stylized way, where the curve in Fig. 4c
assumes that the membrane potential Vp depends on the
photocurrent Ip as Ip
0.25. As a result, the response to
equal contrasts at diﬀerent light intensities is fairly
similar (Fig. 4c), and the pdf of the response is such that
it ﬁts well into the limited voltage response range of the
cell (Fig. 4g).
Responses to natural stimuli
A clear signature of the performance of a photoreceptor
is obtained by exposing it to natural stimuli with con-
siderable temporal dynamics and encompassing a wide
range of light intensities. Such stimuli were obtained by
walking outdoors with a light detector (with an aperture
of approximately 2 arcmin), whilst recording the in-
tensities on a portable DAT-recorder (van Hateren 1997;
van Hateren and Snippe 2001). Two minutes of such a
time series (ts001, available from http://hlab.
phys.rug.nl/archive.html) is shown in Fig. 5a, e (for the
purpose of presentation ﬁltered with a ﬁrst-order low-
pass ﬁlter with s=100 ms; traces in Fig. 5b–d were si-
milarly ﬁltered). The 5-s surrounding t=60 s in Fig. 5 is
shown in Fig. 6a, e (for the purpose of presentation
ﬁltered with a ﬁrst-order low-pass ﬁlter with s=3 ms;
traces in Fig. 6b–d were not ﬁltered).
Primate cones are small and fragile, and it is therefore
notoriously diﬃcult to obtain long, stable recordings
from these cells. We will therefore rely on simulations
using a recently developed model of the cone (van Ha-
teren 2005). This model incorporates established me-
chanisms of the phototransduction chain, and was
developed as part of a larger model adequately de-
scribing recent measurements (Smith et al. 2001; Lee
et al. 2003) in macaque horizontal cells (from which
stable recordings are possible). For the blowﬂy the
situation is reversed. Whereas the mechanisms of the
phototransduction chain are insuﬃciently well known to
make a complete, working, and physiologically realistic
model, it is possible to record stably for extended peri-
ods of time from these cells. We will therefore rely on
such measurements, which have been discussed before
(van Hateren 1997; van Hateren and Snippe 2001). Be-
low we will only compare the responses of the two
photoreceptor types qualitatively; a detailed quantitative
comparison is beyond the scope of this study.
Figures 5b and 6b show simulations of the response
of a primate cone, and Figs. 5d and 6d show the
response to the same stimulus as measured in a blowﬂy
photoreceptor cell. By comparing Fig. 6b with d it is
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clear that not only the sign of the response is diﬀerent,
but also the integration time. It is indeed well known
that blowﬂy photoreceptors are several times faster than
primate cones (e.g., Juusola et al. 1994; Anderson and
Laughlin 2000). To facilitate comparing the responses of
these two photoreceptor types, a modiﬁed cone response
was computed by reducing all time constants in the cone
model by a factor of three, and inverting and shifting the
resulting response (Figs. 5c, 6c). Comparing Figs. 5c
with d and 6c with d shows that the responses of both
types of photoreceptor cells are quite similar. In fact, to
a ﬁrst-order approximation they both follow the in-
tensity when plotted on a logarithmic scale (Figs. 5e, 6e).
The main diﬀerence between a simple logarithmic
transformation and the responses of both types of
photoreceptor is in the control of temporal bandwidth of
the response. Whereas both photoreceptor types have a
dynamic control of the integration time (through sb and
sa), such a control is absent in the logarithmic trans-
formation, which has a ﬁxed, arbitrary integration time
in Figs. 5e and 6e.
The histograms to the right of the traces in Fig. 5
show the distributions of the intensity and response
values in the traces shown (cf. the theoretical probability
density functions in Figs. 2, 4). It should be realized that
the 2 min of data used for these histograms only re-
present a small and potentially biased sample of natural
scenes, but the main change in statistics can be seen: the
distribution of the intensity values (Fig. 5a) is quite
skewed, while the distributions of the logarithm and the
two types of photoreceptors are much more even.
Discussion
The mechanisms of phototransduction in primate cones
and blowﬂy photoreceptors are quite diﬀerent. They are
not only using diﬀerent molecules (e.g., PDE rather than
PLC), but also diﬀerent substrates for similar transfor-
mations (e.g., generating a strong nonlinearity by using
a Ca2+ feedback, as in the cone, rather than by using
voltage-sensitive channels in the membrane, as in the
blowﬂy photoreceptor cell). But not only the physiolo-
gical mechanisms are diﬀerent, also the algorithms are.
The cone approaches its goal boldly by immediately
using a strong nonlinearity, 1/b due to cGMP hydro-
lysis, which overshoots its goal and is therefore subse-
quently counteracted by a strong Ca2+ feedback
followed by a weaker membrane nonlinearity. The
blowﬂy photoreceptor, on the other hand, approaches
its goal more gradually from one direction only, using a
moderately strong Ca2+ feedback followed by a strong
membrane nonlinearity. Nevertheless, the overall result
of both algorithms is quite similar (Figs. 5, 6).
The role of Ca2+ feedback is quite the opposite in the
two types of photoreceptors. Whereas this feedback
functions as a range expansion in the cone (partly re-
versing the eﬀect of the 1/b-nonlinearity), it functions as
a range compression in the blowﬂy photoreceptor. Both
cells are successful in obtaining range compression
(Figs. 2g, 4g), such that the wide range of natural
intensities (i.e., as encountered in a particular scene at a









































Fig. 4 Contrast constancy and
range compression in blowﬂy
photoreceptor cells. Identical
contrasts at diﬀerent light
intensities I (gray sections at the
intensity axis of a) transform
linearly as b  I due to DAG
production by activated PLC.
The calcium feedback loop
transforms b approximately as
b0.5 into photocurrent (b). The
nonlinear membrane of the cell
is ﬁnally assumed to transform
the photocurrent Ip as Ip
0.25 into
the membrane potential of the
cell (c). d–g The probability
density of natural intensities
(d, see Appendix) is gradually
transformed by the
nonlinearities of (b) and (c)
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response ranges (see also Laughlin 1981, 1994). Simi-
larly, both cells reach a state much closer to contrast
constancy than the original stimulus (Figs. 2c, 4c).
Finally, both cells control their integration time dyna-
mically, although in quite diﬀerent ways.
The similarity of the responses of cones and blowﬂy
photoreceptors as discussed in this article is limited to
bright, daylight conditions. When the light level is
reduced, their performance strongly diverges. Whereas
the function of cones is gradually taken over by the rods
at low light levels, blowﬂy photoreceptors continue to
function at such intensities, presumably by engaging
additional mechanisms not included in Fig. 3. This
continues up to the point where they give large (1–
2 mV) and fast (30 ms integration time) responses to
single photons.
Van Hateren and Snippe (2001) developed a phe-
nomenological model for the blowﬂy photoreceptor cell,
which adequately describes the responses to natural time
series of intensities at high light levels. The model con-
sists of two divisive gain control loops followed by a
static nonlinearity. The ﬁrst gain control loop produces
a square-root steady-state nonlinearity, similar to that of
the calcium feedback loop discussed here (Figs. 3, 4).
The second divisive gain control loop contains a strongly
expansive nonlinearity in the feedback path, and to-
gether with the ﬁnal static nonlinearity this may have a
similar function as the strong membrane nonlinearity
discussed here (Fig. 4).
Hyperpolarizing and depolarizing photoreceptor cells
The most conspicuous diﬀerence between vertebrate and
invertebrate photoreceptors is that, as a rule, the former
are hyperpolarizing and the latter are depolarizing in
response to increments of light intensity. This could have
had a trivial cause, because the sign of the response
depends on whether the transduction channels are
opened or closed by the second messengers, and also on
whether the photocurrent is ﬂowing into or out of the
cell. For primate cones and blowﬂy photoreceptors,
however, both the action of cGMP (DAG) on the CNG
(TRP) channels and the direction of the currents gated
by these channels have the same sign. The fact that cones



































































Fig. 5 Response of primate cone and blowﬂy photoreceptor to a
natural time series of intensities. a Two minutes of a natural time
series of intensities as measured outdoors. b Simulated response of
a primate cone, using the cone model with generic parameter values
as deﬁned in van Hateren (2005). The response is shown relative to
the membrane potential in the dark. c Same as (b) with all time
constants in the model three times smaller than in (b); the resulting
response was inverted, and shifted by 5 mV to facilitate
comparison with (d). d Membrane potential, in response to the
stimulus of (a), measured in a blowﬂy photoreceptor cell. e Same as
(a), on a logarithmic scale. For the purpose of presentation, all
traces at a–e are low-pass ﬁltered using a ﬁrst-order ﬁlter with a
time constant s=100 ms. The histogram to the right of each trace
shows its probability density function
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polarizing therefore reﬂects the fundamentally diﬀerent
algorithms these cells, in essence, use: a sign-inverting 1/
b nonlinearity due to cGMP hydrolysis in the case of
cones (followed by an expansive Ca2+ feedback loop),
versus a sign-conserving compressive cell membrane in
the case of blowﬂy photoreceptors (following a com-
pressive Ca2+ feedback loop). Nevertheless, the diﬀer-
ence appears to be trivial from a functional point of
view, because the response characteristics of the cells are
quite similar (Figs. 5, 6).
Contrast constancy and the logarithmic transformation
As has been argued before for static responses (Nor-
mann and Werblin 1974; Laughlin and Hardie 1978;
Normann and Perlman 1979; Laughlin 1981), photo-
receptors are performing an operation resembling a
logarithm. Taking a logarithm is, under static, noise-
free conditions, clearly the short road to contrast
constancy. This is because the response change to a
contrast step c at a mean intensity I0 is given by
log ((1+c)I0)  log I0 = log (1+c), and this response
change is therefore independent of I0. It is interesting
to compare the details of the nonlinearities im-
plemented in the two types of photoreceptors with a
logarithm. Whereas the cone appears to produce a
nonlinearity according to 1/bl, with l small (l  0.12,
see van Hateren 2005), the blowﬂy photoreceptor ap-
pears to produce a nonlinearity according to bg, with g
small (g=0.5·0.25=0.125 in the stylized example as
shown in Fig. 4). We can understand why these
transformations resemble a logarithm by the fact that a
logarithm can be written as either one of the following
limits (e.g., The Wolfram functions site 2004)
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Apart from shifting ( 1) and scaling (1/e), both bg and
1/bl can therefore be interpreted as attempts to reach
something close to a logarithm.
The similarity of the response of cones and blowﬂy
photoreceptors (Figs. 5, 6) to the result of a logarith-
mic transformation should not be overstated by saying


































































Fig. 6 Same as Fig. 5, for the segment 57.5–62.5 s of Fig. 5. The traces at (a) and (e) were ﬁltered, for the purpose of presentation, with a
low-pass ﬁlter with a time constant s=3 ms; the traces at (b–d) were not ﬁltered
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photoreceptors are not just acting as static non-
linearities, but also perform dynamic operations. First
of all, they low-pass ﬁlter the incoming intensities.
More importantly, the amount of low-pass ﬁltering
(i.e., the integration time) depends on the light level.
This dependence is an important mechanism to max-
imize the information transfer through the early parts
of the visual system (blowﬂy: van Hateren 1992). Also
in the macaque cone, the adaptive control of the in-
tegration time is performed quickly and continuously
(van Hateren 2005). The variable integration time in
both types of photoreceptors is eﬀectively controlling
the intensity-dependent level of noise in the stimulus
due to the random arrival of photons. A logarithmic
transformation without adaptive control of integration
time would be defenseless against such changes in noise
level.
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Appendix
Probability density of light intensities in natural en-
vironments
The logarithm of light intensities in natural environ-
ments (at a particular time of day) follows approxi-
mately a Gaussian probability density function (see
Richards 1982, for theoretical arguments, see van der
Schaaf 1998, p 58, for experimental evidence). Therefore





with I the intensity scaled such that p(log I) has zero
mean, the logarithms have base e, and r=1.11
(equivalent to r=0.48 reported by van der Schaaf (1998)
for logarithms with base 10). Transforming the pdf for
log I to the corresponding pdf for I implies multiplying








Eq. 11 has been plotted in Figs. 2d and 4d.
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